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ABSTRACT

Laser cooling and trapping, femtosecond light creation, and coincident electron and
ion momentum imaging was combined in a world-wide unique experimental setup. These
state-of-the-art techniques were used to control atomic systems and analyze the few-body
quantum dynamics in multi-photon ionization of lithium. An all-optical, near-resonant
laser atom trap (AOT) was developed to prepare a lithium gas at milli-Kelvin temperatures.
The atoms can be resonantly excited to the state 22P3/2(m/ = +1) with a high degree of
polarization and are used as a target to study atomic multi-photon ionization in the field of
an intense laser source based on an optical parametric chirped pulse amplifier (OPCPA)
that provides few femtosecond laser pulses with intensities of up to 1012W/cm2. The
momenta of emitted electrons and Li+ ions are analyzed in a COLTRIMS spectrometer
with excellent resolution. The fundamental scientific questions addressed with this setup
relate to the initial state dependence of multi-photon ionization processes. The influence of
relative polarizations of target and laser pulse was studied in the most fundamental
conceivable chiral systems. We studied a symmetry breaking between left- and right
handed circular laser polarization, so-called circular dichroism, in the ionization of the
22P3/2(m/ = +1). It was found that the polarization-dependent dressing of the atoms in the
field causes significant Autler-Townes shifts resulting in a strong circular dichroism that
affects not only the total ionization rate and the photo-electron angular distributions (PAD)
but also the energy of the emitted photons. The measured energy spectra, PADs, and
momentum distributions are in excellent agreement with a theoretical model solving the
time-dependent Schrodinger equation in the single-active electron approximation.
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1. INTRODUCTION

The photoelectric effect, i.e. the emission of electrons due to the absorption of
photons, has been intensely studied and is well understood as almost no other process in
physics. Historically, the investigation of this phenomenon was indispensable for the
development of quantum theory and, therefore, for our understanding of nature in general.
One of the seminal moments was in 1905, when Albert Einstein explained the photoelectric
effect [1] using Max Planck’s hypothesis of a quantization of the radiation field [2].
According to Einstein, the kinetic energy of the photoelectron should scale with the light’s
1
~
frequency according to the relation - m v = h f — P, where h is the Planck’s constant, f

the field frequency, and P the work required to get the electron out of the material. Notably,
Einstein’s postulation was in direct contradiction to classical electro-dynamics, because
classically one would expect a dependence of the electron’s energy on the field intensity.
Nevertheless, Einstein’s explanation of the photoelectric effect and Planck’s introduction
of field quanta - or in another word “photons” - was supported some years later by the oil
droplet experiment of Robert A. Millikan [3], which resulted in the most accurate
experimental value of the Planck constant h at the time with an uncertainty of only 0.5%
[4]. However, a full description of the photoelectric effect also requires the prediction of
the photon-absorption probabilities and the angular distributions of emitted electrons. For
atoms, such a general and comprehensive description was given in the framework of non
relativistic quantum theory for instance by Hans Bethe and Edwin Salpeter in 1957 [5].
Since these very early days of quantum physics, the investigation of light-atom
interaction didn’t lose its appeal and many theoretical and experimental advancements have
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followed until today. On the experimental side, the development of new light sources
enabled to study new regimes and processes. As an example, synchrotron accelerators
provide photon energies high enough to ionize tightly-bound core electrons of heavy
elements, which allows to study relativistic effects and electronic correlation effects in
great detail (see for instance [6] and references therein). The advent of lasers and coherent
light sources made it possible to reach, at the same time, extremely high field intensities.
Due to techniques like mode-locking [7], chirped-pulse amplification [8], and opticalparametric chirped-pulse amplification (OPCPA) [9] [10], today Petawatt (1015 W) peak
powers become available which allow to trigger even nuclear reactions [11]. On the atomic
and molecular scale, much lower powers (and correspondingly lower intensities) are
already sufficient to induce reactions which go beyond the description of Bethe and
Salpeter. More than one photon can be involved in such processes, which are generally
referred to as “non-linear” reactions. An example is multi-photon ionization (MPI), where
several photons are absorbed to promote the initially bound electron to the continuum (for
a review see [12] [13]). If a very large number of photons has to be absorbed in order to
ionize the atom, a classical description of the ionizing field often becomes adequate again.
This situation is often referred to as strong-field ionization [14].
A remarkably interesting and fundamental aspect of understanding light-matter
interaction is the symmetry of photoreactions. Light can possess a chirality, or handedness,
i.e. the electro-magnetic field (and the photons) is generally not superimposable with its
mirror image. This is, for instance, the case if the light is circularly polarized. This feature
can result in symmetry breaks in photoreactions, a phenomenon which is known as circular
dichroism (CD), which is generally speaking a difference in the photoreaction for left- and
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right-handed polarization [15]. This effect becomes particularly prevalent if the matter is
chiral, too. Chiral molecules, such as sugar molecules or amino acids, are a particularly
important example of such handed targets. It is a long-standing and still open question why
these molecules occur in nature predominantly only with a single handedness. Some
explanation attempting to solve this enigma involve the symmetry breaking of
photoreactions with left- and right-handed polarized light [16] [17]. Natural photon sources
can generally emit circularly polarized light of only one handedness, which can result in
an imbalance in the chirality distribution of these molecules. Circular dichroism is also
observed in atomic targets which represent benchmark systems for our understanding of
asymmetries due to their comparably simple structure.
From the theoretical side, the study of photoreactions with atoms and molecules
bears an intrinsic challenge: These systems contain many particles, and the time-dependent
and time independent Schrodinger equations form the underlying theoretical framework
for the description of their non-relativistic quantum dynamics [18]. The theoretical
difficulty is to solve the Schrodinger equations o f motion, which is analytically not possible
for systems containing more than two mutually interacting particles even if the underlying
forces acting on them are precisely known. Therefore, approximations have to be used or
numerical methods must be employed which have to be tested by comparing the results
with detailed experimental observations.
From the experimental side, studying photoreactions and their dynamics is
challenging, too. In general, this requires two ingredients: First, the control of the initial
state of the systems, and second, the careful analysis of the final state of the system by
monitoring its response after an external interaction. In the last three decades several
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advanced and powerful experimental techniques have been developed in atomic,
molecular, and optical (AMO) physics largely independent of each other which allow both
the control and the analysis of atomic few-body systems. In the framework of the present
thesis, three of these techniques are particularly relevant:
First, laser cooling and trapping techniques [19] made it possible to confine
gaseous atomic samples well isolated from their environment and cooling them even to
quantum degeneracy [20] [21] [22]. The controllability of temperature, density, atomic
quantum state and polarization, and many other parameters [23] [24] [25] made the ultra
cold quantum gases the ideal systems to study few- and many-body phenomena in vastly
different regimes [26] [27].
Second, intense femtosecond scale lasers producing ultra-short and highly
controllable pulses became available. These pulses can not only reach the single cycle limit
but also can exceed the electric field strengths of the atomic Coulomb fields by several
orders of magnitude [28] [29] [30]. Investigation of strong-field multiple ionization [31]
[32] [33] [34], or the determination of the detailed structure of molecular wave functions
using ‘Coulomb explosion imaging’ [35] [36] are examples for the accessibility of new and
before inconceivable limits to study atomic few-particle dynamics [37] [38] [39] [40].
And third, advanced momentum imaging techniques such as cold target recoil ion
momentum spectroscopy (COLTRIMS), often referred to as ‘reaction microscopes’ [41]
[42] allow to analyze the final state of scattering reaction in detail. The full information of
the final momentum distribution of the target fragments can be obtained with great
resolution and reasonably short measuring periods.
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Generally, not all aspects of the three techniques mentioned above are easily
compatible with each other. In the framework of the present thesis, the world-wide unique
combination of the three technical branches was first realized and used to study symmetry
breakings in multi-photon reactions in the single photon ionization of lithium. A novel type
of laser-atom trap was developed (see Section 2), which provides an ultracold atom cloud
with lithium atoms being in the 2s ground state or in a polarized 2p state. This trap was
created in a vacuum chamber with a high-resolution reaction microscope, which was used
earlier to study ion-atom collisions [43] [44] (Section 3). The trapped atoms were ionized
in the field of an optical-parametric chirped-pulse amplifier (OPCPA) laser system which
is described in Section 4. In Section 5 the data analysis and results of the present study are
discussed.
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2. ALL-OPTICAL TRAP (AOT)

2.1. GENERAL LASER COOLING AND MAGNETO OPTICAL TRAPS
With the advent of lasers in the early 1960s, lasers were used to explore the
manipulation of atoms. First proposals to use lasers for atom cooling were put forth in the
mid-1970s. Laser cooling was separately introduced by two groups of scientists, Hansch
and Schawlow [45], and Wineland and Dehmelt [46]. Both groups showed independently
of each other the process of slowing the thermal velocity of atoms by exerting a radiation
force [47] with lasers.
One of the most-used and generally relevant laser cooling and trapping techniques
that was developed subsequently is the magneto-optical trap (MOT). A detailed
explanation of this technique can be found elsewhere [22]. Here only the basic principle of
a MOT will be briefly mentioned and qualitatively described in a simple two-level picture
and in terms of three effects - the spontaneous force, the Doppler-shift, and the Zeeman
effect - which help to understand the force acting on atoms, the cooling, and the trapping,
respectively.
First, let us consider a two-level system, that is exposed to a directed laser field
which is close to resonance. This system can absorb photons receiving, at the same time,
an impulse of hk equal to the photon momentum due to the conservation of momentum.
The system will emit the photon again soon after and de-excite to the ground state.
However, the direction of emission can vary, and the mean momentum is zero. Therefore,
this absorption and spontaneous emission of photons results in an effective force in the
direction of the laser propagation. This force is called “spontaneous force” . The force is
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equal to the scattering rate times the photon momentum which is, for typical cooling laser
intensities, between T h k /4 and Yhk/2 with r being the natural linewidth of the transition.
Second, let us consider the laser field frequency not being exactly at resonance but
slightly red-shifted. An atom at rest will not absorb photons. However, if the atom moves
in the direction towards the laser source, the apparent laser frequency will be Dopplershifted by approximately k • v with v being the atoms velocity. Therefore, the radiation is
again at resonance, photons will be absorbed, a force will be exerted, and the atom will be
slowed down. If the atom is irradiated with laser beam from all directions (conventionally,
3 pairs of counter-propagating beams along the x-, y-, and z-directions are used) the atom
will be effectively cooled. Such a Doppler-cooling configuration is also called optical
molasses [47] which enables to achieve target temperatures of mK or below. The final
temperature depends on the atom species and the exact configuration of the laser field.
Third, the Zeeman effect is used to confine the atoms in a small volume. If a
quadrupole magnetic field is used, which vanishes in the center of the trap and increases
with the displacement from the trap center (see Figure 2.1, right), the atomic energy levels
experience increased Zeeman shifts if the atoms leaves the trap volume. A simplified level
scheme (neglecting the electron and nuclear spins) as a function of the position (along an
arbitrary axis) is shown in Figure 2.1 (left). A ground state having zero angular momentum
will not show a Zeeman splitting. However, an excited state with an angular momentum of
1 will split in three magnetic sublevels whose separation increases with the atom’s distance
from the trap center. If the laser fields coming from both directions are circularly polarized,
they will only drive transition to one of the magnetic sublevels following dipole selection
rules. With the right choice of helicities, the laser beams will be in resonance only at a
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position in front of the trap (from the perspective of the laser source), thereby pushing the
atoms always to the trap center.
It should be mentioned that the dynamics in such a laser atom trap is far more
complicated to be described here. First, the target atoms are not simple two-level systems,
but they typically feature a complex multi-level structure including fine-structure and
hyperfine-structure states. Second, the interaction with the laser field is more complicated.
There are AC-Stark shifts causing gradient forces which are along the direction of the
electric field gradient rather than in the direction of the photon flux. Moreover, the laser
beams cause a complex interference pattern which result in effects like Sisyphus cooling
[19]. And Third, the laser beams are typically bichromatic, to avoid an optical pumping to
dark states (see Section 2.2). All these effects make a detailed modelling of the trap
dynamics extremely challenging.

Figure 2.1 (Left) Atomic energy level scheme in one dimension for a quadrupole
magnetic field created by (right) anti-Helmholtz coils for a magneto-optical trap MOT
Picture taken from [48].
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2.2. PROPERTIES OF 6Li AND LASER COOLING SCHEME
Generally, the performance and behavior of any optical trap does not only depend
on the configuration of the involved laser and magnetic fields, but also on the properties of
the atomic target species. In the present experiment a lithium isotope is used. 6Li atoms
feature a multilevel structure (Figure 2.2) with two hyperfine energy levels, in the 2S 1/2
ground state (F = 1/2 and 3/2) separated by 228MHz [49] and three hyperfine levels in the
excited 2P3/2 state. The energy separation between F = 1/2 and 3/2 is 1.71MHz and between
3/2 and 5/2 is 2.91MHz in the excited state. The cooling transition is between the 2S 1/2
(F=3/2) and the 2P 3/2 (F=5/2) states, which, under ideal conditions, can be driven as a closed
loop. The state with the term symbol 2P 1/2 is largely irrelevant for the cooling.
Due to the linewidth (typ. 500kHz) the cooling laser and the remaining Doppler
shifts of the atoms in the trap, the hyperfine structure of the excited state cannot be easily
resolved in this configuration and the cooling cycle is not entirely closed. Therefore, there
is a non-vanishing probability that the atoms decay to the “dark” ground-state level with
F=1/2. These atoms would be lost from the trap because they are out of resonance with the
laser-field. In order to avoid this “leak”, a second laser frequency (the “re-pumper”) is
added to the field which drives the transition between the 2S 1/2 (F=1/2) and the 2P 3/2 (F=3/2)
states.
As pointed out in the previous section, the Zeeman splitting of the levels is very
important for the trapping. It has been calculated using a code from [49] for the most the
most important energy levels and is shown in Figure 2.3. For most of the experiments done
in this graduate research project, a magnetic field of 6 Gauss was used.
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Figure 2.2 Hyperfine splitting of ground and excited energy states of 6Li

Figure 2.3 The ground 2S 1/2 (F = 3/2) and the excited 2P3/2 levels of 6Li splitting with
magnetic field (Zeeman splitting [49]) Sharma et al.
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2.3. SETUP, TRAP CONFIGURATION, AND TUNING OF THE AOT
In the course of this thesis a new type of laser atom trap, an all-optical trap (AOT),
was implemented which has a crucial advantage over conventional MOTs in the context of
the experiments performed here: The AOT does not require a quadrupole magnetic field
like a MOT, but it can be operated at homogeneous magnetic fields. This is important,
because the investigation of ionization dynamics as performed in this thesis requires the
momentum-resolved detection of electrons, which would be strongly hampered by the
presence of a quadrupole magnetic field, because it alters the trajectories of emitted
electrons due to the Lorentz force. The AOT as described here was essentially discovered
“accidentally” and until today the details of the trapping mechanism are not fully
understood. Therefore, this section essentially concentrates on the description of the
geometry and the tuning procedure.
The laser atom trap, which was used in this project, was implemented in an earlier
setup described in detail in Hubele et al. [44]. Here, only a summary will be given. The
vacuum chamber consists of a 2D MOT chamber and reaction chamber with operating
background pressures of 10-9mbar and 10-10mbar, respectively. The 2D MOT is formed by
the intersection of two pairs of back reflecting laser beams in a quadrupole magnetic field.
A hot lithium source underneath provides fast lithium atoms at a temperature 420°C. The
atoms trapped in the 2D MOT are transferred to the reaction chamber by using a weak push
laser beam. In the reaction chamber, the atoms are cooled, trapped, exited, and polarized
[50] [51] [52] by three pairs of retro-reflected laser beams aligned along nearly mutually
orthogonal directions. While in the original configuration reported in [44] the trap was
operated as a conventional MOT (see Section 2.1) using a quadrupole magnetic field, the

12
configuration was significantly altered for the present experiments with an AOT which is
described in detail in [53].

Figure 2.4 AOT at the intersection of the three pairs of laser beams and the large
Helmholtz’s coils producing homogeneous magnetic field.

The general geometry o f the AOT is depicted in Figure 2.4. Two pairs of laser
beams are oriented along x- and y-directions while the third pair makes an angle 12.5° with
the z-direction which coincides with the magnetic field direction. This small non-zero angle
is required due to particle detectors (which are described in Section 3) obstructing the clear
sight along the z-axis.

The pair of anti-Helmholtz coils at the center of the reaction

microscope produces quadrupole magnetic field at the reaction volume for the MOT
operation, but for the operation of the AOT they are not in use.
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Compared to the conventional MOT, the AOT requires the laser beams to be
slightly misaligned and not being exactly retro reflecting. Generally, it is extremely
sensitive to many parameters such as beam positions, polarizations, intensities, and
frequency detuning. So, the process of tuning the trap is tedious since certain experimental
parameters such as laser beams and reflecting mirrors do not have references. Stable
trapping was achieved according to the following procedure [53].
First, the atoms are trapped in a conventional MOT with a quadrupole magnetic
field. Second, a weak homogeneous magnetic field along the z-direction is superposed.
Due to this homogeneous field the equilibrium position of the trap (i.e., the null point of
the total magnetic field) shifts, and as a result the trapped atom number can drop. By tuning
beam positions, polarizations, detuning of the laser beams the trap intensity is increased
again. The magnetic field strength of the homogeneous field is then stepwise increased up
to about 6Gauss while iterating the optimization of the previously mentioned parameters.
It is important to note that the polarizations of the two laser beams along the z-direction are
of opposite helicity in the MOT operation (see Section 2.1). However, they must have equal
polarization at AOT operation because, this would otherwise result in an imbalance of
forces and the atoms would be pushed out of the trap. Furthermore, it is interesting to note
that stable trapping is achieved with the electric field vectors of all laser beams being in
the xy-plane. This configuration results in a particularly high atomic polarization due to
optical pumping (see Section 2 of [53]).
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2.4. CHARACTERIZATION OF THE AOT
The target parameters such as target density, atom number, target temperature,
atomic polarization, and the fraction of excitation can strongly determine the quality of the
fully differential atomic collision experiments. These parameters can significantly affect
the achievable ionization rates and the resolution of electron and ion momenta. Therefore,
the 6Li cloud was characterized by determining the following parameters: The trapped atom
number, the number density, the characteristic loss and loading rates, the cloud
temperature, and the polarization o f the emitted fluorescence light which is related to the
atomic polarization. Fluorescence imaging was employed for most measurements and the
atom number was determined by absorption imaging in addition to the fluorescence
imaging and the results obtained were consistent. A summary of the results is shown in
Table 2.1

Table 2.1 Properties of AOT
o-configuration
No. of trapped atoms (Neq)
No. density
Temperature
X axis
Y axis
Z axis
Observed transitions
o
n
o+
Degree of polarization

~ 107
~ 109/cm3
2.5mK
700pK
2mK
93%
5%
2%
90%
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2.4.1. Atom Number and Density. Generally, the atom number in the trap
follows the rate Equation, (1).

— = L —rN
dt

/ w( ^) 2 d 3r

(1)

where, L is the loading rate, r is the linear loss factor due to collisions with the
residual gas, and

is a two-atom loss coefficient mainly due to mutual collisions between

two excited lithium atoms. The two-atom loss term can be approximated as fiN2 for not too
high target densities as far as the shape of the density distribution n(r) is invariant with the
total atom number N (in the case o f MOTs this condition is typically fulfilled for densities
below about 1010cm-3 [54]). For the AOT, the loading and the depletion over time were
measured by switching the atomic loading beam periodically on and off (see Figure 2.5).
The loading rate L, the linear loss factor T, and the effective two-atom loss factor

are

then obtained by fitting the measured curves with the solution of the differential Equation
(1). The fits are in good agreement with the experimental data. A pure exponential fit (i.e.,
assuming

= 0) describes the data only for low atom numbers. Both the loading and the

decay curves contain information on the T, as well as the fi' parameter and there is
reasonable agreement between the two independent fitting results. For the data shown in
the figure, the loading rate is about L —106/s, the linear decay rate is about r ~ 0.17/s, and
the effective two-atom loss rate is roughly fi —10-8/s, meaning that for a fully loaded trap
about every fourth atom is lost due to mutual 6Li collisions. Assuming a three-dimensional
Gaussian distribution for the atom cloud density, the two-body loss coefficient can be
calculated from fi' and it is
lithium traps (e.g.,

—10-10cm3/s. Compared to earlier standard magneto-optical

[55]), the present trap features slightly higher values for r and
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parameters indicating that the effective trap potential is shallower than those of
conventional MOTs.

Figure 2.5 Experimental data and the fits for the loading and decay curves of AOT with
two atom loss.

2.4.2.

Cloud Temperature. To determine the temperature of target atoms, the cooling

lasers were switched off for a short time to let the cloud expand.
During this time, the atoms in the cloud are assumed to expand ballistically
according to a Gaussian velocity distribution. The widths of the cloud in the x-, y- and zdirections was measured with the aid of A CMOS camera by fluorescence imaging. Figure
2.6 shows the cloud widths in x-, y-, and z-directions as a function of time t and the fitting
curves. The spatial distribution along each axis for any given time t can be reproduced by
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the convolution of two Gaussians for a gas initially in thermal equilibrium. First
representing the initial distribution and the second the thermal expansion.

Expansion Time (jus)

Figure 2.6 Ballistic expansion of AOT and determination of temperature in x- (black), y(blue), and z-direction (red).

The thermal velocity and, the temperature of the gas can be determined from the
fit. There are two special features noted for the trap temperature. First, the temperature is
not uniform along the three axes. According to the analysis, the temperature in the xz-plane
is about 2mK, but only 700pK in the y-direction. These temperatures are significantly
higher than the Doppler temperature limit for 6Li, which is 140pK. Second, the fitting
model is not in agreement with the experimental data for the first few 100ps after the
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cooling lasers were switched off, showing that our model is not fully describing the
experimental situation. This is an indication that the atoms in the trap are not in thermal
equilibrium.

2.5. CONCLUSIONS AND OPEN QUESTIONS
An all-optical near resonant 6Li atom trap at a temperature of few mK and number
densities of 109 cm-3 was realized without a quadrupole magnetic field as opposed to
conventional magneto optical traps. This trap is an ideal target for kinematically complete
ion-electron coincidence experiments in COLTRIM spectrometers [56] [41] and can also
be employed in other MOTRIMS experiments [43].
Presently, we do not have a fully consistent model successfully reflecting the
trapping mechanism in the AOT. However, there are two important statements that can be
done: First, the spontaneous scattering force outlined in Section 2.1 is not sufficient to
explain stable trapping in the AOT. The fundamental arguments are given in the “Optical
Earnshaw Theorem” postulated in [57], showing that any force merely proportional to
photon flux and in the laser propagation direction can never result in a stable trap. Second,
there are several important effects that are not considered in the model discussed in Section
2.1, among them the multi-level structure of the atom, the complex interference pattern of
the laser field, and the bichromaticity of the radiation due to the re-pumper. As discussed
in some more detail in [44], in particular the latter seems to be important to get a full picture
of the trap dynamics.
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3. REACTION MICROSCOPE

3.1. CONFIGURATION AND FUNCTION
Reaction microscopes allow for the coincident momentum imaging of the charged
fragments of an atomic or molecular target. They are operated in many laboratories
worldwide and their mechanical designs as well as their field configurations and imaging
properties are adapted to the specific experimental situations. There is a vast amount of
literature describing the detailed function of such spectrometers [44] [56] [58]. Here only
a brief introduction is given.
The gaseous target is overlapped with a projectile beam (in our case the
femtosecond laser) in a well-localized reaction volume within weak, static, homogeneous,
and parallel electric and magnetic fields. There are two detectors at either end of the
spectrometer to detect electrons and recoil ions. The electrons and the recoils ions created
in the reaction volume are guided in opposite directions towards the two detectors by the
homogeneous fields. The detectors are sensitive to the position and time of the particles’
impact. Due to the magnetic field, the electrons are guided in spiral trajectories to the
electron detector. This field allows to increase the electron momentum acceptance. The
recoils ions are about 12000 times heavier than the electrons and their rotation due to the
Lorentz force is much smaller. Position and time-of-flight information from the detectors
can be used to calculate the momenta of the charged fragments. The time-of-flights are
measured with respect to a reference time given by a timing signal from a pulsed projectile
beam. In our case the timing signal was received by photodiode signal from the laser pulse.
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Figure 3.1 Cross section of reaction microscope. Ion detector and electron detector are at
the end with spectrometer rings in between to create an electric field to guide the charged
particles to the detectors.

For the spectrometer used in this project, the electric field was generated using
equidistant ring electrodes which have an inner diameter at the reaction volume of 10 cm
(Figure 3.1). The rings get larger towards the spectrometer end in order to allow the cooling
and ionization laser beams to pass the particle detectors at either end of the spectrometer.
The total length of the spectrometer is 86 cm. The magnetic field is generated with a pair
of Helmholtz coils outside of the vacuum chamber with a diameter of 160 cm. The detectors
are Microchannel plates combined with position sensitive delay-line anodes [44] and have
an active diameter of 8 cm.
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3.2. MOTION OF CHARGED PARTICLES IN STATIC EM FIELDS
In order to reconstruct the initial momenta of electrons and recoil ions, their motion
in the spectrometer need to be well-understood. The discussion of the particles motion
given here follows the description given in [48]. The non-relativistic approximation for the
force on a particle o f charge q and mass m travelling in static electric and magnetic fields

E(r) and 5 ( f ) is generally given by the Lorentz Force Law:
F(r,v) =

= q (E ( f) + v x B(r))

(2)

The simplest combination of the electric and magnetic fields, that can be used in the
spectrometer is with both fields being homogeneous and oriented in z-direction, i.e. E (f) =
(0,0 ,EZ) and 5 ( f ) = (0,0, Bz). In this case, the above equation can be simplified to the
following equations in Cartesian coordinates.

m

d2
— -

dt 2

x = qBn 7—
^

z dt

_

d2

dx

(3)

m —- y = —qB 7 —

(4)

d2
„
m — z = qEi

(5)

at2 j

^

z dt

According to these equations, the motion of the particles in the xy-plane, i.e. in the
plane perpendicular to the fields, is governed by the magnetic field and the motion in the
z-direction by the electric field. The above differential equations are solved for the initial
conditions for the position and momentum at time zero, f ( 0) = (0) and p ( 0) =

(p OX, Po y ,P o z ) with:
( sin (Mc t) p ox + ( 1 - cos mc t) p o y )

(6)

y ( t ) = ~ ^z ( (C0S Mc f - 1)Pox + sin(M c t ) Pa y )

(7)

x (t) = ^
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z (t) = B ^ t + ^ t 2
m
2m

(8)

n~D
where, mc = — is the cyclotron frequency of the particle.
The trajectory calculated above describes a circle in the xy-plane with its center at
( x ,y ) = —
( poy, —Pox) and a radius of ^ p l x + Poy/qBz = qBz
~ . In the z-direction the
qez
particle is subject to a motion of constant acceleration. The particle reaches the detector at
the position z = z d.T after the time-of-flight T.

T = -1 - (JPoz + 2zdmqEz - poz)

(9)

The coordinates of the particle as it hits the detector are x(T ) = x d , y(T ) = y d , and

z(T) = z d are measured in the experiment or known from the experimental geometry,
respectively. Using this information, Equations (6), (7), and (8) can be solved for the
starting momentum of the particle:
qBz (

P°x =

2

qBz (

\

s i n u cT

\ c o s u cT

-l

,

Xd

sin tocT

(10)

yd)
\

Pay = — [ - x d + C0SUcT- i y d )

(11)

Poz

(12)

Equations (10), (11), and (12) contain all the math required to reconstruct the starting
momentum of the particle from the recorded data.

3.3. RESOLUTION
In general, the momentum resolution achievable with a reaction microscope
depends on many factors such as the target temperature, field stability, as well as fringefield effects. Other key factors are the effective position and time resolutions of the
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measurement. The impact of these factors on the measurement are in detail discussed in
[48].
In our case, the spectrometer was carefully commissioned optimizing the field
configuration, power supplies, and read-out electronics. The final momentum resolution
was essentially limited by position and time uncertainty, which was about 0.5 mm and 0.5
ns, respectively. The spectrometer was tested by studying the single photon-ionization of
excited lithium atoms in the 2P 3/2 (mi = +1) state by using an ultra-violet pulsed laser
operating at 266nm with a power of 1mW at a repetition rate of 6kHz. [15]. In this situation
the, electrons have a well-defined kinetic energy of about 1.1eV (corresponding to a
momentum of 0.286a.u.). Therefore, this experiment represents an ideal test of the
spectrometer resolution.

Figure 3.2 Electron momentum distribution from an earlier experiment [44] (left) and
after commissioning within the present project (right)
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An electron momentum spectrum is shown in Figure 3.2 and compared to an earlier
measurement [44]. As can be seen from the graph, the resolution was improved and
amounts about 0.01a.u., 0.02a.u., and 0.005a.u. in x-, y-, and z-directions.
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4. FEMTO-SECOND LASER SYSTEM

4.1. EVOLUTION OF ULTRA-SHORT LASER PULSES
A femtosecond laser emits laser pulses of durations in the time domain of less than
one pico-second. Such short pulses are typically obtained by the mode-locking technique
[7]. The ultra-short pulses thus generated can be amplified to reach extremely high powers
by so-called chirped pulse amplification [8], which was awarded the Nobel prize for
physics in 2018. Different laser-active media such as solid-state lasers, fiber lasers, dye
lasers, and semiconductor lasers are used to generate femtosecond pulses. Initially, dye
lasers were the predominant source in the field before titan-sapphire lasers were developed
in the late 1980s. Titan-sapphire (Ti:Sa) crystals have many advantages: They are easy to
pump and handle and they have a very broad gain spectrum in the optical regime. which
enables to reach pulse durations of down to about 5 femtoseconds.
The advent of these short-pulsed laser sources enabled new techniques to study
atomic and molecular dynamics. One milestone was the development of the pump-probe
technique to study the temporal evolution of chemical reactions. Ahmed Hassan Zewail
was awarded the Nobel prize for chemistry in 1999 [59] for the development of this
technique and for opening the field of “femto-chemistry” . Nowadays, even shorter pulses
can be created using high-harmonic generation allowing to study atomic dynamics on an
attosecond timescale [60] [61] [62].
In the present project, the femtosecond laser pulses were supplied by a system of
intense femto-second light-source based on an optical parametric chirped pulse amplifier
(OPCPA) after a Ti:Sa oscillator. The Venteon OPCPA consists of four main parts (Figure
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4.1): The Venteon dual seed oscillator, the Venteon dual splitting module, the High-Power
Amplifier (HPA), and the non-collinear optical parametric amplifier (NOPA Amplifier).
These components will be explained in some more detail in the following sections.

Parametric amplifier module
Ti:Sa oscillator
__________

-

____4

Splitting module
Fiber amplifier module

Figure 4.1 Main components of intense femto-second laser system. Picture taken from
[63].

4.2. TITAN-SAPPHIRE OSCILLATOR
The Titan-Sapphire oscillator produces a broadband spectrum of wavelengths
ranging from 600nm to 1200nm. A Titan-sapphire crystal is pumped by a 515nm
continuous wave (CW) laser beam with a maximum power > 6000mW. The overall setup
of the oscillator is shown in Figure 4.1. The radiation emitted by the crystal is retro reflected
between the cavity mirrors M8 and M6, separated by 1.875m optical path length.
Generally, the laser can emit continuous radiation (cw mode) or pulsed radiation (modelocked operation). In mode-locked operation, the laser produces pulses of durations down
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to 6fs. The laser power in the mode-locked operation is about 200mW, and nearly double
the one of cw-operation.

Figure 4.2 Inside view of Titan-Sapphire oscillator with open cavity when mode-locked.
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' .

[Wl/W2| [M6/OC|

M8
[ M4
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BW0

Figure 4.3 Schematic diagram of inside view of Titan-Sapphire oscillator
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Figure 4.4 Top: Titan-Sapphire oscillator signal before mode-locking; Bottom: after
mode-locking. Once the mode locking is reached the intensity and the bandwidth of the
spectrum becomes larger.

To adjust the laser for optimal operation, the pump beam is focused on to the crystal
at the “Brewster's” [62] angle to maximize the transmission into the Titan-Sapphire crystal.
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PM1 and PM2 are piezo controlled pump steering mirrors. The mirrors M6 and M8 can be
manually controlled to optimize the cavity for continuous wave laser (CW) [64] operation
and maximize the power. Generally, these types of lasers use Kerr-lens mode-locking [61]
to generate femto-second pulses. Here, a perturbation must be induced in the cavity in order
to trigger the mode-locking. In the present system, this is achieved by actuating the mirror
M5 (see Figures 4.2, and 4.3). In order to achieve the shortest possible pulses, a negativedispersion element need to be added in the cavity to compensate for the positive dispersion
of the Ti:Sa crystal and the air in the cavity. This is accomplished with the dispersion
compensating mirrors M1 and M2. The W1/W2 piezo controlled wedge pair can be used
to tune the overall dispersion of the cavity for optimal operation.
The spectra of the oscillator without mode-locking and with mode-locking are
shown in Figure 4.3. The mode-locked laser pulses are produced at a frequency 80MHz as
p-polarized light with a beam diameter of 3mm+/- 0.2mm. The laser light produced is a
broad band spectrum with a bandwidth of typically 245nm at a center wavelength of 800nm
(photon energy E = 1.5eV), a pulse energy of 15nJ, and a beam power of 220mW.

4.3. HIGH POWER AMPLIFIER
The first step in amplifying the output of the oscillator is to generate relatively long
(typ. 150 fs) and narrow bandwidth, but high energetic pulses that are synchronous to the
oscillator pulses. This is done in the high-power amplifier. The broadband laser pulses
produced in the Titan-Sapphire oscillator enter the splitting module, where a fraction of the
radiation with a power of below 20mW and wavelength 1030nm is spectrally filtered from
the signal beam, stretched, fiber coupled and sent to three fiber-based preamplifier stages.
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Additionally, two pulse picking stages are implemented to reduce the repetition rate
from 80 MHz to 200 kHz, which enable to achieve higher peak powers. After the last pre
amplifier stage, the pulse has a power of about 1.5W. This beam is then focused on a rodtype amplifier where it is amplified to typically 48W. Subsequently, the pulse is
compressed by a grating compressor to a pulse duration of 150fs. The compressed IR seed
is then focused into a non-linear, beta barium oxide (BBO) (Figure 4.4) crystal to produce
515nm radiation at maximum power of 21W by second harmonic generation (SHG). These
green pulses serve as the pump for the two subsequent non collinear optical parametric
amplification (NOPA) stages described in the next section.

Photo diode
under the panel

Rod amplifier

Grating compressor
underneath the panel

Figure 4.5 Inside view of preamplifier and high-power main amplifier, which produces
pump light by SHG.

4.4. NON-COLLINEAR OPTICAL PARAMETRIC AMPLIFIER (NOPA)
The central parts of the overall OPCPA laser system are the non-collinear optical
parametric amplification (NOPA) stages (see Figure 4.5). In these non-linear crystals, a
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weak seed beam (or “ Signal”) is amplified by transferring energy from a strong pump beam
(for the working principal of the NOPA process see e.g. [65]). As seed beam serves the
main fraction of the oscillator output pulse that has passed without much loss through the
splitting module.

pump

NOPA2
Delay stage2

DCM mirrors

Delay stage1
NOPA1

Signal

NOPA out

Figure 4.6 Inside view of the NOPA

It is guided sequentially through two NOPA stages. The 21.2W green color beam
from the HPA serves as pump and is split into two beams of 3W and 18W power to be used
in theNOPA1 and NOPA2 stage, respectively. In the NOPA1 stage, the 200mW signal
beam (with a repetition rate of 80 MHz) is amplified to a maximum power of about 600mW
(at 200 kHz). In the NOPA2 stage, it is further amplified up to a maximum of 3.3W. In the
NOPA stage, the pump beam and the signal beam are spatially and temporally overlapped
in the BBO crystal to achieve efficient amplification. Temporal overlap between signal and
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Figure 4.7 Top: Broadband spectra at different bandwidths; Bottom: Corresponding ultra
short laser pulses for three different bandwidth settings. Pulse shown in red has two small
pulses to the right, which are third order dispersions due to the broader bandwidth and
can be compensated by additional dispersion by wedges.

pump pulses in the two NOPA stages can be achieved by delay stage 1 and 2. These stages
are cat eye mirrors on motorized translational stages. After the NOPA stages, the amplified
beam is compressed by using a pair of dispersion compensating mirrors (DCM) to an ultra
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short pulse with durations down to 7.4fs and beam diameters of typically 5mm. Figure 4.6
shows the broad band spectra and the corresponding ultra-short pulses for three different
alignments. The pulse can then be characterized by spectral phase interferometry for direct
electric field reconstruction (SPIDER) according to phase retrieval procedure introduced
by Takeda et al. [66]. Figure 4.6 (bottom) shows examples of temporal pulse structures
obtained with the SPIDER method.

4.5. OPERATION IN TUNABLE MODE
Within this dissertation, another operation mode of the laser was developed and
employed that allows to create pulses of relatively long duration but comparably narrow
bandwidth. Moreover, the center wavelength of the spectrum can be tuned between about
660nm and 900 nm. In the performed ionization experiments, this enabled to test the role
of atomic resonances in great detail.
The standard and modified amplification schemes are depicted in Figure 4.7. In the
standard operation, the short signal pulse (typically a few 10 fs duration) is overlapped with
the slightly longer pump pulse (typically 150 fs), and its full spectrum is amplified before
it is compressed to a minimum pulse duration of 6fs. In the narrow-bandwidth operation
mode, the signal pulse is significantly stretched and chirped by going through a dispersive
medium before it is sent through the NOPA amplifier. The signal pulse has now a duration
significantly longer (hundreds of femtoseconds) than the pump pulse. Because a temporal
overlap of signal and pump is required for the NOPA process to take place, only a narrowbandwidth fraction of the signal pulse is amplified. The spectral range to be amplified can
now be controlled by changing the delay between the two pulses, which can conveniently
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be done by changing delay stage 1 (cf. Figure 4.5). The pulses are compressed after
amplification in this configuration, too. The pulse durations are, however, much longer and
restricted by the Fourier limit.
In the present case, two types of dispersive media were used: For most of the
experiments 12mm of sapphire were implemented. Also, 22mm of TeO 2 was tried, which
is the crystal of an acousto-optical modulator. The lowest achievable wavelength was
665nm, which was limited by the output of the Ti:Sa oscillator. Typical bandwidths were
10nm with maximum powers of 1.5W and pulse durations of about 65fs.

Dispersive medium

DCM mirrors

Figure 4.8 Operation principle of the NOPA amplifier in tunable mode. Left top:
Standard operation with ultrashort pulse; Left middle: Tunable operation with
amplification toward longer wavelengths. Left bottom: Same, but toward shorter
wavelengths. Right: Typical narrow bandwidths tunable from 660nm to 900nm.
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4.6. OPTIMIZATION AND CHARACTERIZATION OF LASER BEAM
PARAMETERS
Behind the actual laser, the beam is guided to the target in the vacuum chamber
through 8.3m of air and focused to a beam waist of 50pm with a mirror of 500mm focal
length. Along the path of the laser beam a pair of calcium fluorite wedges, a lambda half
plate, a lambda quarter plate, a wire grid polarizer, and fused silica vacuum viewports were
used. To compensate for the dispersion caused due to all these optical elements a pair of
dispersion compensating mirrors DCM 7/8 were implemented with 5 bounces on each
mirror for the broad bandwidth mode. In the tunable operation (see Section 4.3), additional
4 bounces on each mirror were used to compensate for the additional chirp caused due to
12mm of sapphire. The number of bounces was determined by the “vChirp” simulation
software, which allows to simulate the output pulses for a given input considering the
dispersion caused by different materials with given thicknesses and dispersion
compensating DCM mirrors. Figure 4.8 shows an example of dispersion compensation for
a 9fs pulse going through 6mm of fused silica with two bounces on DCM mirrors.
Before, during, and after the actual ionization experiments, several laser beam
parameters were carefully monitored. The laser power was measured directly in front of
the vacuum chamber and behind it, allowing to estimate the loss fraction on the windows.
The relative power was monitored throughout the experiment from the exit window of the
chamber.
The laser pulses thus created in the broad bandwidth mode and narrow bandwidth
mode was characterized before the experiment by determining the pulse duration,
bandwidth, intensity at the target, and the laser polarizations. Pulse energy and the peak
power of pulse can be calculated by the following equations.
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Pulse en erg y =
Peak pow er =

Average power

(13)

Repetition rate
Pulse energy

(14)

Cycle time

Typical laser beam parameters are listed below:
Laser power 700nm @ 10nm band width
At NOPA O/P after DCM mirrors, wedge, lambda plate

= 0.8+/-0.005W

Before 1st window

= 0.725W

Loss fraction at 1st window

= 0.725/0.8 = 0. 906

Power After 2nd window

= 0.350W

Transmission fraction per window

0.622

Total fraction at target (0.906 X 0.622)

0.5635

Pow at target

0.8x0.5635 =0.45W

Pulse Energy = Average power/ repetition

0.451/200k =2.25pJ

Pulse duration @ 250nm bandwidth

6.88fs

Pulse duration @ 10nm bandwidth

65.6fs

Cycle time at 700nm

2.33fs

Number of cycles in 65.5fs
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Beam waist at target

50pm

Energy per peak =

energy/number of peaks

Energy per peak

2.25pJ x 2/58
0.07759pJ

Intensity of 0.85*1011W/cm2 at target correspond to 0.8W at the laser
1W at laser correspond to 1.0625*1011W/cm2 at the target

normalized power (kVWnJ)

normalized power (kW/nJ)
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Figure 4.9 Left top: Input pulse from NOPA; Right top: Corresponding laser spectrum;
Left bottom; Output pulse generated from “vChirp” after dispersion due to 6mm fused
silica and 2 bounces each on two DCM mirrors; Right bottom: Corresponding output
spectrum.
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5. MULTI-PHOTON IONIZATION

5.1. FUNDAMENTALS OF MULTI-PHOTON IONIZATION
The 1905 Nobel prize for physics was awarded to Einstein for explaining the photo
electric effect using the photon picture of light. When light with a photon energy greater
than the energy at which an electron is bound to a material is absorbed, the electron can be
emitted from the surface with a kinetic energy equal to the difference between those
energies. However, at high radiation intensities electrons can be emitted even if the photon
energy is lower than the ionization potential by the simultaneous or sequential absorption
of several photons. The process is known as multi-photon ionization and the reaction as
well as the approximate electron excess energy of the emitted electron can be represented
by the following equations, respectively.

A tom + n.h w ^ A to m + + e

(15)

Eexcess

(16)

^. hto

^p

There are at least two basic regimes, that can be identified for atoms or (molecules)
in an intense photon field. First, the multi-photon ionization (MPI) regime where the
ionization process can be best described in a perturbative approach as the interaction of the
atom with a photon field. A depiction o f such a process is shown in Figure 5.1 (left). And
second, the strong field ionization regime, where the number o f involved photons gets so
high that a description of the radiation in a classical field picture is more adequate. Here
the electric field strength can get comparable in magnitude to the atomic field and the
potential is strongly deformed by the laser’s electric field (see Figure 5.1, right).
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When the laser field reaches high enough intensities, the electron can tunnel out
through a potential barrier and escape to the continuum. This process is called Tunnel
ionization (TI)

Figure 5.1 Left: Multi-photon ionization at low laser field intensities. The electron can be
ionized by the absorption of few photons. Right: Tunnel ionization at high intensities,
where the atomic coulomb potential is tilted by the electric field creating a potential
barrier through which the electron can tunnel ionize. Picture taken from [67] [69]

The Keldysh [68] [69]parameter, which is defined by

y = I2Urt
—

(17)

provides the possibility to estimate which o f the two above-mentioned pictures describes a
specific system best. Here, Ip is the ionization potential and Up is the ponderomotive
potential which is the time averaged kinetic energy of an electron oscillating in the driving
laser field and given by the equation
E2

I

4w2

4w2

(18)
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where, E is the electric field intensity of the laser field, I its intensity, and rn its frequency.
A description of the ionization in an MPI picture is typically appropriate for the Keldysh
parameter being y >> 1, while the strong field description is adequate for y < 1.
For multi-photon ionization, the rate of ionization R generally obeys the
characteristic scaling law

R( m ) = ok {u )® k = k k { u ) \k

(19)

where, k is the number of photons absorbed O is the photon flux. ak and k k are generalized
cross section of dimension ak = cm2ksk-1 and k k = W -kcm2ks-1. k is called the order of
nonlinearity.
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Figure 5.2 Left: Single-photo ionization of atom; Middle: Non-resonant multiphoton
ionization (MPI): Right: Resonance enhanced multiphoton ionization (REMPI). Picture
taken from Steinmann [67].
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In general, the ionization probability can be affected by the structure of the target.
This is the case, if an atomic bound eigenstate can be resonantly excited by the absorption
of an integer number of photons (see Figure 5.2). Above process is known as resonanceenhanced multi-photon ionization (REMPI) [70] and it results in a strong increase of the
ionization cross section.

5.2. IONIZATION DYNAMICS WITH INTENSE LASER PULSES
The experimental setup described in the previous sections is ideally suited to study
the interaction of lithium atoms in the ground or excited state with femtosecond light
pulses. In the experiments described in the following, the laser intensities range to a
maximum of about 1012 W/cm2, which corresponds to Keldysh parameters larger than 5.
Therefore, the processes investigated can be well described in a multi-photon picture.
Processes involving multi-photon ionization have been studied since several decades for a
large variety of targets ranging from noble gases to complex molecules and even for alkali
atoms like in the present work [15]. The main advancement that was achieved in this
dissertation is the possibility to easily modify the target initial state from the ground s-state
to a polarized excited p-state with high controllability.
In the first experiments we ionized the lithium target by linearly polarized laser
light of bandwidth 245nm and pulse duration of 7fs with the laser polarization being in
vertical direction. Figure 5.3 shows typical photo electron momentum distributions and
energy spectra. Generally, the target gas consists of a mixture of initial states, and the 2sand 2p-states are ionized simultaneously. The cross sections of the states are separated by
switching the cooling lasers off for every other ionizing femto-second laser pulse. When
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the cooling lasers are off, the clean ground state ionization data can be obtained and when
the cooling lasers are on, the mixture o f ground state and excited state ionization data is
measured. Excited state cross sections are obtained by subtracting the ground state cross
sections from the mixture.
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Figure 5.3 Top: Projection of photo electron momentum distributions (PAD) in x_y-plane
for linear polarized light with polarization along _y-axis. The target initial states are Li(2s)
(left) and Li(2p) (right); Bottom: Ionization cross sections for linear polarized light with
electron energy for 2s (red) and 2p (black) states
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All the momentum distributions feature concentric ring structures with each ring
corresponding to a specific final electron energy. These rings can stem from both, the
atomic resonances that result in a resonance-enhancement in the multi-photon ionization
as well as from the spectral structure of the laser pulse which is not a smooth broad
distribution but rather features peaks at different energies. These phenomena can be
analyzed in more detail by comparing the energy spectra for 2s- and 2p- ionization (see
Figure 5.3, bottom). Some features in the spectra occur at the identical photoelectron
energies. These peaks are caused by resonances (e.g. n = 3, 4, or 5 s and d-states). Some
peaks or shoulders are clearly shifted in the two spectra, e.g. the above-threshold ionization
(ATI) peak at about 2.7 eV and 2.9 eV, respectively, which are not significantly affected
by atomic resonances.
Moreover, there is a very rich structure and oscillations as a function of the electron
emission angle in the momentum distributions. These can qualitatively be understood as
interfering angular momenta (or partial waves) in the final state. Generally, the momentum
distribution (and the angular distribution) can be expected to be symmetric with respect to
the polarization direction for an unpolarized target initial state.

Therefore, the exact

direction of the laser polarization is identical to the symmetry axis of the momentum
spectrum for the 2s-ionization (which is a spherically symmetric initial state). Notably, the
2p-ionization does not feature such a symmetry axis and the spectrum looks "twisted". This
effect is well known as "magnetic dichroism" [71] and it is caused by the non-vanishing
helicity of the target initial state.
In light of the very rich structures observed in the momentum and energy
distributions, the question arises how sensitive the ionization dynamics is on the details of
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the laser pulse parameters. Therefore, we studied the ionization of the s-state in two
measurements under very similar conditions, with essentially identical pulse durations
(about 7fs), similar bandwidth, and identical intensities (about 1012 W/cm2). The main
difference was in the detailed spectral structure o f the laser pulses. The laser polarization
was rotated in the two measurements by 90° which should merely result in a corresponding
rotation of the momentum spectra. Figure 5.4 (bottom) shows the PAD for xy-, xz-, and yzplanes for the ionization with laser polarization being in the vertical direction and Figure
5.4 (top) shows the laser polarization along horizontal direction along with the
corresponding laser spectra.

Figure 5.4 The left three columns represent electron momentum distributions. Top:
Linear laser polarization in y direction; Bottom: Linear laser polarization in x-direction at
intensity of 7.2 x1012W/cm2. The momentum distributions are in the xy- plane (left), xzplane (center), and yz-plane (right), respectively. The right column shows the
corresponding laser spectra.
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For these two measurements, completely different momentum spectra are observed
which indicates the importance o f the detailed spectral features of the laser pulse. This
general observation points to two challenges and questions that need to be addressed before
studying multi-photon ionization in our experiment and compare it to calculations: First,
can the laser spectrum be sufficiently controlled and stabilized experimentally to obtain
meaningful data? And second, can the spectral features be included in the calculation and
is an interpretation of the ionization mechanisms still possible? While both questions can
be answered with "yes", they still result in complications that cannot be avoided. Therefore,
the experiments described in the following were performed while operating the laser in a
tunable, narrow-bandwidth mode discussed in Section 4.2. Here the spectrum can be easily
controlled and a gaussian spectrum can be assumed for the comparison to theory.

5.3. CIRCULAR DICHROISM
Circularly polarized light’s property of helicity gives rise to symmetry breaking
phenomena when interacting with matter. This phenomenon is well-known as circular
dichroism (CD). It unveils, for instance, in the form of a difference in photo-electron
angular distributions (PAD) for opposite photon helicities in single-photon ionization of
oriented diatomic molecules [72] or of ground-state atomic targets [73] [74] [75] [76]. In
these cases of unhanded targets, the electron angular distributions are mirror images for the
opposite helicities (if the parity violating effects were ignored [77] [78]). This mirrorsymmetry is broken if the target is a chiral, too. Chiral molecules, which are not
superimposable with their mirror images, are examples of such targets. The ionization of a
chiral molecule by single- [79] [80] [81] or multi-photon [82] [83] [84] absorption as well

46
as in strong optical fields [85][84] reveals significant dichroic asymmetries even for
randomly oriented molecules.

Such asymmetric photoreactions have far-reaching

implications that could contribute to the solution of the long-standing riddle of the
homochirality of amino acids and sugar molecules that are relevant for terrestrial life [85]
[86].
Single atoms can be simple chiral systems, if the angular momentum of the atoms
is polarized along the projectile beam direction, i.e. their mean magnetic quantum number
is < m > ^ 0 [87]. Such polarized atomic targets can be used as benchmark systems for
understanding the asymmetries of the interaction of chiral light with chiral matter.
Fundamental aspects of magneto-optics [88] or on the details in the dynamics of tunneling
[89] [90] and resonance enhanced multi-photon ionization (REMPI) [87] [91] [92]are
among the focus of recent studies. Qualitatively, the dichroic asymmetries occurring in the
total scattering yield or in photoelectron angular distributions in the electric dipole
approximation by the change of the magnetic quantum number m which is +1 (-1) for each
absorbed photon of right (left) handed circular polarization, resulting in different partial
waves that contribute and interfere in the final state [93] [15] for opposite helicities.
Photoelectron energy shifts due to dichroic effects can either be completely absent [15] or
relatively small (compared to widths and positions of the peaks), but they unveil insights
in the structure of the dressed target atoms [91] [92] [94] or reveal fingerprints of atomic
ring currents [90] [95].
We performed multi-photon ionization of atomic lithium in different regimes.
Lithium atoms are excited and polarized to the p-state by optical pumping and ionized in
the circularly polarized field of an intense femtosecond laser. The present study can be
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used to answer the much debated and interesting query of how efficiently the
photoionization occurs for the target atoms’ initial state electron current density being
corotating or counterrotating with the intense femtosecond field. It is well-established that
ionization is strongly favored in the corotating case [93] for low-intensity single-photon
absorption. This effect was found to be reversed in the nonadiabatic tunnel ionization
regime [89] [95]. In contrast, this question was not answered unambiguously in the
multiphoton ionization, but increasing the field intensity swaps the favored geometry [91]
[96]. Transient ("Freeman") resonances [92] can lead to an extraordinarily strong intensity
dependence [97]. The quasi-energies of dressed intermediate states can be moved in or out
of resonance which can enhance or suppress distinct (REMPI) channels.
The ionization dynamics of lithium atoms with circularly polarized light was
studied with the laser light propagating along z-direction, which also represents the
polarization axis of the excited atomic p-state. In the case of an unpolarized and unhanded
target (like lithium in the 2s-state), the final momentum distributions for the two field
helicities are expected to be mirror images of one another, and in our system, which
features cylindrical symmetry with respect to the laser propagation direction, even
identical. If the target possesses a handedness, too - like it is the case for our polarized 2pstate - there is a fundamental symmetry breaking for the two photon helicities.
As mentioned above, two situations can be distinguished: "Co-rotating", where the
electric field vector of the laser pulse and the electron wave function current density rotate
in the same direction, and "counter-rotating", where they rotate in the opposite directions.
Figure 5.5 shows the momentum distributions for ionization with right-handed circularly
polarized light (co-rotating) and left circularly polarized light (counter rotating) in the xy-
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plane for different laser intensities for p-state ionizations. A clear difference between the
top and the bottom row is visible, which is the signature o f the circular dichroism. However,
the detailed comparison of these data with calculations not performed here, because of the
above-mentioned challenges connected to the modeling of the process. Instead the
ionization dynamics was studied with a single peak narrow bandwidth mode at a
wavelength o f about 700 nm (Figure 5.6).

Figure 5.5 Electron momentum distributions o f 2p MPI in the xy-plane for circular
polarized light with broad bandwidth of 245nm with its center at 800nm and 7 fs pulse
duration for corotating (top) and counter rotating (bottom row) geometries with
intensities; First: 0.75*1012W/cm2; Second: 1.5*1013 W/cm2; Third: 3.0*1013 W/cm2;
and Fourth: 5*1013 W/cm2. Corresponding laser spectrum is similar to Figure 5.4.

There are two special features notable in the figures. First, the ionization cross
sections are different for the two polarizations. This is again the fingerprint o f the circular
dichroism mentioned above. Second, there are electrons with close to zero energy. From
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the theoretical perspective, the description of the electron dynamics near threshold is
extremely challenging, too. We therefore chose, to study the circular dichroism in a regime
where the threshold dynamics is largely irrelevant. The experimental data and its
comparison to theory will be discussed in the following sections.

Figure 5.6 Same as Figure 5.5 but with narrow bandwidth light at 700nm and 65fs. Top:
corotating; Bottom: counter rotating spectra with intensities; Left: 0.53*1012W/cm2;
Middle: 0.96x1013W/cm2; Right: 1.23x1013W/cm2.

5.4. IONIZATION WITH NARROW BANDWIDTH PULSES
This measurement was done with a circular polarized laser light of bandwidth of
10nm at a center wavelength of 665nm. The laser light propagated along z-direction with
laser polarizations being right- and left-handed for different laser intensities. The ionization
scheme is shown in Figure 5.7 (the quantization axis is chosen to be in opposite directions
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for the co- and counterrotating cases in the Figure). In the lowest order perturbation theory
(LOPT), the absorption of a single photon results in the change of the magnetic quantum
number by Am = +1. Using this condition, the partial waves contributing to the final state
can easily be identified: For the co-rotating case (and for the ground state ionization) only
an f-wave with l = 3 and m = 3 contributes. For the counterrotating case, the final magnetic
quantum number is m = 1 and p- and f-waves (i.e. l = 1 and 3, respectively) interfere. As a
result, the angular distribution for the two cases are vastly different (see Figure 5.7, top).

Figure 5.7 Energy level diagram for the three and two photon ionization process from
ground state and the excited state, respectively. Solid red arrows show ionization from
the mi = +1excited state and blue arrows show ionization form mi = -1 state. Doublets in
the ground and excited corotating case depict the Autler-Townes splitting (see Section
5.5). Angular distributions are shown at the top and fitted with contributing partial waves.
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It is interesting to note, that the chosen wavelength is very close to the 2s-2p
resonance at 671nm. As a result, the photoelectron energies are very similar for the ground
and excited state ionization, although three photons are required to ionize the ground state
while 2 photons suffice for the excited state ionization. The respective excess electron
energies are 0.19eV and 0.17eV. Figure 5.8 shows the energy level diagram for the ground
state and excited state ionizations.
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Figure 5.8 Energy levels for excited and ground state ionization of 6Li represent two
photon and three photon ionization from 2p-excited state and 2s-ground state,
respectively.

Figure 5.9 shows the electron momentum distributions for 2s-ionization, corotating
2p-ionization and counter-corotating 2p-ionization at a laser intensity of about
5.0*10n W/cm2. As can be seen from the figure, the co-rotating case has a higher ionization
cross section than the counter rotating case. For 2s-ionization, in contrast, the cross
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sections for co and counter-rotating cases have to be the same (only one photon helicity is
shown in the graph). For the present photon energy, there is no intensity near the threshold.

Figure 5.9 Electron momentum distributions in xy-plane for circular polarized light with
narrow bandwidth at 665nm and 65fs for 2s-state (first), corotating 2p-state (second) and
counter-corotating 2p-state (third) ionizations at laser intensity of 5.0*10u W/cm2

Figure 5.10 shows the corresponding electron energy distributions. for the ground
state and excited state ionization for the co and counter rotating cases. There are several
important features notable in the graph. First, for corotating geometry, the ionization cross
section is higher than for the counter rotating case for the p-state ionization. Second, the
cross sections are nearly equal for both polarizations for the ground state ionization. As
mentioned above, this is expected due to the spherical symmetry of the 2s state. The small
remaining discrepancy between the two photon helicities has probably to be attributed to
small shifts in the laser frequency or to different remaining ellipticities of the laser field.
Third, for some of the cases the observed energy peaks are split and shifted. Fourth, the
relative heights of these split peaks are different for ground and corotating excited state.
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In particular the third observation is, at first glance, quite puzzling that the
photoelectron energy appears to be dependent on the field polarization. A qualitative
explanation of this effect is given in the following section.

Figure 5.10 Electron energy distribution for RHC and LHC light. Blue represents 2pcorotating, green; 2p-counter rotating, red and black; 2s- co and counter rotating electron
energy distribution

5.5. AUTLER-TOWNES SPLITTING
In order to understand the polarization-related energy shifts in multi-photon
ionization discussed in the previous section, it is important to consider the effect of the
light field on the atomic structure. This is typically done in the dressed atom picture. This
approach can provide insights into the physical mechanisms involved in explaining the
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energy structures in photoelectron energy spectra for multiphoton ionization of atoms and
molecules (e.g. [92] [98]).
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Figure 5.11 Autler-Townes splitting for lithium (top left) energy states represented in
black are uncoupled state without cooling laser. The energy states represented in red are
the coupled virtual states produced due to the cooling laser field. (top right) three-photon
ground state ionization process from split states. (bottom left) two-photon excited states
ionization process from split state. (bottom right) ionization from unsplit single state
giving rise to single peak

In particular, when the ionizing photon field is at resonance to the ground and
excited energy states the photon field can couple these two states. Then the ground and the
excited states split into two doublets known as Autler-Townes doublets in atomic
spectroscopy [99] and multiphoton ionization [100] [101]. They appear due to an avoided
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crossing of “atom +field” states (Floquet states) (e.g. [102]). The strength of the coupling
or on the intensity of the coupling field and the dipole moment of the transition between
the states decides the separation between them.
For the present configuration, Figure 5.11 (top left) shows the uncoupled states
(states without field) and coupled states in the presence of an external field considering
only the 2s and 2p levels. In the figure, the black energy levels represent the lithium ground
and excited states. The two red color energy levels close to the excited and ground states
are Floquet states and correspond to the 2s level plus an extra photon and the 2p state minus
one photon, respectively. The newly created pairs of levels repel each other due to their
coupling as the external field intensity increases. As a result, two energy peaks are present
instead of a single peak after multi-photon-ionization from the ground state (top right in
the figure) and from the excited state for co-rotating field (bottom left). For the counter
rotating case, in contrast, the external field is not coupling with the atom’s electron cloud
due to dipole selection rules, so the levels do not split giving rise to a single peak (bottom
right).

5.6. DISCUSSION AND COMPARISON TO THEORY
The experimental results were compared to a theoretical model. In our model, the
Time-dependent Schrodinger equation (TDSE) is solved in an ab initio calculation.
Lithium is described as an active valence electron (nl) above an inert He-like (1s2) core.
He-like core polarizability and the exchange between the valence electron and the core was
simulated by using a static Hartree potential. This method is described in [103] [104] and
the idea was successfully employed by Schuricke et al. [105]. The energies of the 2s and
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2p orbitals and those of the n = 3 orbitals were optimized by slightly modifying the
potential to match them to the recommended data [106] with an accuracy of 1meV.
Afterwards the TDSE as numerically solved by propagating the appropriate initial state in
time [107] [108]. Specifically, we used an updated version of the code with the necessary
modifications introduced for circularly polarized light described by Douguet et al. [109].

( n e ) ‘d
(Tie) kd

Figure 5.12 Electron energy distributions for circular polarized light with narrow
bandwidth at laser intensity 0.68*1012W/cm2 for experimental (top row) and at intensity
0.51*1012W/cm2 for theoretical (bottom row).

Momentum distributions shown already in Figure 5.7 are shown again in Figure
5.12 in a slightly different representation and are compared to our model. The ring
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structures observed in all spectra are due to cylindrical symmetry of the systems. The
diameters of the rings correspond to the different electron energies in the continuum. The
calculation and the experiment are in rather good agreement. The statistical quality of the
experimental data for the counter-rotating case is worse than for the other two situations,
essentially because a relatively small amount of data for the 2p-ionization is obtained by
subtracting a large 'background' from the 2s initial state which constitutes about 75% of
the total target density.
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Figure 5.13 Experimental electron energy distributions (left) for the two helicities at two
different intensities theoretical electron energy distributions (right).

Figure 5.13 shows the cross sections as a function of photoelectron energies. The
shown energy range contains more than 97% of the data for all theoretical curves. The
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contributions of higher electron energies due to above threshold ionization (ATI) are small
for the investigated field intensities. As mentioned earlier, if the spin polarization of the
target atoms were neglected the distributions for left- and right-handed circular polarization
are expected to be identical for the ionization of the 2s ground state. The photoelectron
energy peak shows a shoulder towards lower electron energies for the ionization from the
ground 2s-state, at the low laser intensities. When the laser intensity increases the shoulder
evolves to a separate maximum. For the co-rotating ionization of the excited 2p-state, the
shoulder towards higher energy appears. However, for counter-rotating case, the shape of
the peak does not change with the laser intensity with the peak around the same energy.
The theoretical model reproduces the general features observed in the experiment
very well, but some differences between experiment and calculation remain. The calculated
energy spectra exhibit two well-separated energy peaks which are narrower and with a
larger separation than in the experimental spectra for the initial 2s-state as well as for
excited state ionization for co-rotating laser polarization. The experimental resolution of
about 30meV in the relevant energy regime does only partly explain the observed
differences. Moreover, there are systematic uncertainties associated with the ionizing laser
field intensity. The ionization of the atoms can take place over a volume around the focus.
Because the maximum peak intensity is only reached exactly at the focus position, the
average experimental intensity is actually lower. Therefore, a reduced average intensity of
3/4 of the estimated experimental peak intensity was considered to account for the abovementioned effect of ionization.
It is also interesting, to consider the relative intensities of the double peaks observed
for the individual in the dressed atom picture discussed in Section 5.5. The frequency of
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the laser field is slightly blue shifted, and it is close to the resonance o f the 2s-ground and
2p-excited states. As a result, Autler-Townes doublets emerge in the photo electron energy
distribution. In general, the evolution o f dressed states in a fem tosecond laser field is a
tim e-dependent problem. Assum ing the (unrealistic) case o f a fully adiabatic evolution o f
the dressing, the blue-shifted radiation w ould cause an up-shift (down-shift) in energy o f
the initially undressed 2s and (2p) state, i.e. only one level out o f the respective doublet
w ould be populated. Therefore, the observation o f both lines o f the doublets m ight
generally indicate the nonadiabaticity of the process w ith their relative intensities even
giving a quantitative measure. Additionally, the electron energies are subject to
ponderom otive shifts, w hich are, however, rather small (< 21meV) for the present field
intensities. The experimental energy and m om entum spectra for a larger range o f intensities
are shown in Figure 5.15. As it can be seen, the contributions o f the tw o peaks in the
doublets get m ore sim ilar in m agnitude for increasing intensity. A ccording to the above
discussion, this can be interpreted as a larger nonadiabaticity for stronger fields.
Circular dichroism can be expressed as the difference o f the relative ionization
cross sections for the right-handed and left- handed helicities o f the fem tosecond laser field
and it is defined by the equation.
CD =

where,

P+

^ _
p++p_

= Ionization cross section for the corotating case and

(20)
v ’
P_

= ionization cross

section for the counter rotating case.
Figure 5.13 shows also the angle- and energy- integrated CD-values for the two
different laser intensities. The values are 0.55 ± 0.08 and 0.56 ± 0.10 are in good agreement
w ith the theoretical values w hich are 0.66 and 0.53. The uncertainty o f the excited state
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fraction of the target atoms causes the given experimental error. Errors due to the Cross
normalization procedure of the ground states for co- and counter- rotation pulses and
statistical errors are relatively small. The errors due to the imperfect polarization of the
laser and the target are not included in the given errors. In general, these systematic
uncertainties can lower the absolute CD value. Moreover, the spatial extension of the
reaction volume can contribute to the deviation between theoretical value and experimental
value as discussed before. For the present system, the dichroism also drops for increasing
intensity, but the overall intensity dependence is much weaker.
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Figure 5.14 Experimentally measured CD as a function of laser intensity. Red line is
second order polynomial fit to show the trend

The Figure 5.14 shows the value of CD as a function of laser intensity and the red
line is the second order polynomial fit to follow the trend.
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The Figure 5.15 represents electron ionization cross section with energy and the
momentum distributions for different laser intensities. There are several important features
observed in this Figure 5.15. First, it is clearly evident that the separation between the
Autler-Townes doublets for the excited and ground states increases with laser intensity
while the corotating peak remains nearly unchanged. Second, stronger peak moves towards
higher energy for the ground state and towards the lower energy for the excited state. That
can also be clearly observed in the radius of the momentum distributions increases for the
stronger peak and that shrinks for the excited state. But the radius remains nearly the same
for the counter rotation case as expected. All the above features observed in the figure can
be explained with the increasing separation of the Autler-Townes doublet with increasing
laser intensity.
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Figure 5.15 (Left column) Electron energy distribution and (right three columns) electron
momentum distributions horizontal x-axis vertical y-axis (first) 2s-(second) 2p-corotating,
(third) 2p-counter rotating for the laser powers 10mW, 150mW, 300mW, 500mW,
700mW, 900mW, and 1070mW from bottom to top. Red and blue lines show the shifting
of the main energy peaks of the ground and excited states and pink shows the peak for the
excited counter rotating case with increase in laser intensity.
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6. CONCLUSION

In the course of this graduate project, laser cooling and trapping, femtosecond light
creation, and coincident electron and ion momentum imaging (COLTRIMS) was combined
in a world-wide unique experimental setup. These state-of-the-art techniques allow to
control atomic systems and study analyze the few-body quantum dynamics in great detail.
The experimental setup was used to investigate symmetry breaks in the multi-photon
ionization of excited and polarized lithium atoms interacting with circularly polarized light.
Specifically, a near resonant all-optical lithium atom trap (AOT) was developed
cooling lithium atoms down to a temperature of few mK at a density of about 109cm-3.
This AOT operates similar to a conventional magneto-optical trap (MOT) but it does not
require a quadrupole magnetic field in the trapping region. Therefore, it provides an ideal
target to be used for electron momentum spectroscopy in COLTRIMS, which is not easily
feasible using MOTs due to the force exerted on the electrons by the MOT magnetic field.
The details of the trapping mechanism are not completely explained, but indications
suggest that the bichromaticity of the laser field and the related gradient force play a
significant role in the trapping of the atoms.
A reaction microscope, which was earlier operated to study ion-atom collisions
[44], was commissioned and operated to analyze final state momenta of electrons and recoil
ions in coincidence. In the course of this project, the spectrometer field configuration was
optimized and the electron momentum resolution was significantly improved reaching
between 0.005 a.u. (FWHM) and 0.02 a.u.. Overall, these excellent values rank among the
very best resolutions achieved in electron momentum spectrometers world-wide.
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As a femtosecond light-source, a commercially available optical-parametric
chirped-pulse amplifier system based on a titan-sapphire oscillator with non-collinear
optical parametric amplifier stages was installed and commissioned. A significant part of
the experimental work of this project was the implementation of an unconventional
operation mode, allowing to tune the laser wavelength between 665 nm and up to about
900 nm. This mode was used to study the multi-photon ionization of lithium for a variety
of femto-second field parameters.
The investigations focused on symmetry breakings, so-called circular dichroism, in
the ionization of excited and polarized lithium atoms ionized by circularly polarized
radiation. Strong circular dichroism was observed in the two-photon ionization. Circularly
polarized laser light of both chiralities close to the lithium 2p excitation frequency was
used to ionize lithium atoms in the excited 2p state with mi = +1. When the target electron
cloud’s helicity and the ionizing laser electric field’s helicity are counterrotating the
photoelectron energy spectrum features a single peak at energy of 2hrn- Ip + Up accord
with energy conservation as expected with an invariant peak with laser intensity, where,

rn, Ip , and Up are the field frequency, the ponderomotive energy shift, and the ionization
potential of the excited initial state, respectively. As opposed to the above, the simple
energy relation shown above is violated in the co-rotating case. This is explained by the
coupling of the 2s ground state and the 2p excited state in the laser field, which results in a
splitting of two states due to the Autler-Townes effect. The peak energy of the
photoelectrons is shifted by up to 40%, i.e. the continuum energy of the emitted
photoelectrons can be controlled by the intensity and polarization of the laser field.
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There have been earlier experiments showing that photoelectrons can have non
vanishing spin polarization after multiphoton [110] [111]or strong field ionization of noble
gas atoms by circularly polarized light. It was earlier proposed to exploit this effect for
polarized femtosecond electron sources that can be used in scattering experiments. The
scheme studied in this thesis can be directly used to create spin-polarized electrons beams,
too. Since the target lithium atoms are state prepared by optical pumping, not only the
orbital angular momentum, but also the spin of the valence electron and even the nuclear
spin are polarized in the initial state [53]. As a result, the emitted photoelectrons are almost
completely spin polarized. The Autler-Townes splitting observed in this project can be
used to control the electron energy extremely fast even within one laser pulse. These spinpolarized electron pulses can have applications in electron diffraction experiments such as
ultrafast spin dynamics in magnetic domains.

66
BIBLIOGRAPHY

[1]

Einstein, A. (1905), Ann. Phys. 322, 132-148, (doi:10.1002/and p.19053220607).

[2]

M. Planck, Verhandl. Deut. Phys. Ges., Dec. 14 (1900).

[3]

R. A. Millikan, Phys. Rev., 4 (1914) 73, R.A. Millikan, Nobel lecture, May 23,
1924.

[4]

R. A. Millikan, Phys. Rev., 4 (1914) 73; 6 (1915) 55; 7 (1916) 362.

[5]

Hans A. Bethe, Edwin E. Salpeter, Quantum Mechanics of One- and Two-Electron
Atoms, Springer Verlag, Berlin (1957).

[6]

Springer Handbook of Atomic, Molecular, and Optical Physics, Gordon Drake
(edt.), chapters.

[7]

R. Paschotta and U. Keller, “Passively mode-locked solid-state lasers”, in SolidState Lasers and Applications (ed. A. Sennaroglu), CRC Press, Boca Raton, FL
(2007), Chapter 7, pp. 259-318.

[8]

A. Dubietis et al., “Powerful femtosecond pulse generation by chirped and
stretched pulse parametric amplification in BBO crystal”, Opt. Commun. 88, 433
(1992), doi:10.1016/0030-4018(92)90070-8.

[9]

S. A. Akhmanov et al., “Observation of parametric amplification in the optical
range”, JETP Lett. 2, 191 (1965).

[10]

T. Fuji et al., “Parametric amplification of few-cycle carrier-envelope phase-stable
pulses at 2.1pm”, Opt. Lett. 31 (8), 1103 (2006).

[11]

Matter
and
Radiation
at
https://doi.org/10.1063/L5093535.

[12]

Larochelle, S; Talebpour, A; Chin, S L (1998-03-28). "Non-sequential multiple
ionization of rare gas atoms in a Ti:Sapphire laser field". Journal of Physics B:
Atomic, Molecular and Optical Physics. IOP Publishing. 31 (6): 1201-1214.

[13]

Deng, Z.; Eberly, J. H. (1985). "Multiphoton absorption above ionization threshold
by atoms in strong laser fields". Journal o f the Optical Society o f America B . 2 (3):
491.

[14]

Corkum, P. B. (1993-09-27). Physical Review Letters. American Physical Society
(APS). 71 (13): 1994-1997.

Extremes

5,

024402

(2020);

67
[15]

F. Thini etal. J. Phys B: AMO Physics 53, 095201 (2020).

[16]

M. Schuricke, G. Zhu, J. Steinmann, K. Simeonidis, I. Ivanov, A. Kheifets, A. N.
Grum-Grzhimailo, K. Bartschat, A. Dorn, and J. Ullrich, Physical Review A 83
(2011), 10.1103/physreva.83.023413.

[17]

A. Kramida, Yu. Ralchenko, J. Reader, and NIST ASD Team, NIST Atomic
Spectra Database (ver. 5.7.1), [Online]. Available: http://physics.nist.gov/asd
[2020, May 10]. National Institute of Standards and Technology, Gaithersburg,
MD. (2020).

[18]

W. Glo ckel The Quantum Mechanical Few-Body Problem (2012).

[19]

H.J. M etcalf and P. van der Straten, Laser Cooling and Trapping, Springer-Verlag
New York (1999).

[20]

M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman, E. A. Cornell,
Observation o f Bose-Einstein Condensation in a Dilute Atomic Vapor, Science 269,
198 (1995).

[21]

K. B. Davis, M.-O. Mewes, M. R. Andrews, M. J. Van Druten, D. S. Durfee, D. M.
Kurn, W. Ketterle, Bose-Einstein Condensation in a Gas o f Sodium Atoms , Phys.
Rev. Lett. 75, 3969 (1995).

[22]

B. DeMarco, D. S. Jin, Onset o f Fermi degeneracy in a trapped atomic gas, Science
285, 1703-1706 (1999).

[23]

Courteille, P., R. Freeland, D. Heinzen, F. van Abeelen, and B. Verhaar, Phys. Rev.
Lett. 81, 69 (1998).

[24]

Inouye, S., M. Andrews, J. Stenger, H. J. Miesner, S. Stamper Kurn, and W.
Ketterle, Nature 392, 151 (1998).

[25]

Greiner, M., M. O. Mandel, T. Esslinger, T. Hansch, and I. Bloch, Nature 415, 39
(2002).

[26]

P.B. Corkum, Recollision Physics, Phys. Today 64, 3, 36 (2011).

[27]

D. Blume, Rep. Prog. Phys. 75, 046401 (2012).

[28]

T. Brabec, F. Krausz, Intense few-cycle laser fields: Frontiers of nonlinear optics,
Rev. Mod. Phys., 72 (2000), 545.

[29]

C. Joachain, M. Dorr, N. Kylstra, High-intensity laser-atom physics, in: B.
Bederson, H. W alther (Eds.), Advances in Atomic Molecular and Optical Physics,
Advances in Atomic Molecular and Optical Physics, vol. 42 (2000), p. 225.

68
[30]

F.X. Kartner, Few-Cycle Laser Pulse Generation and its Applications, Springer
(2004).

[31]

Y. Liu, S. Tschuch, A. Rudenko, M. Duerr, M. Siegel, U. Morgner, R. Moshammer,
J. Ullrich, Strong-field double ionization of Ar below the recollision threshold,
Phys. Rev. Lett., 101, 053001 (2008).

[32]

W. Becker, X.J. Liu, P.J. Ho, J.H. Eberly, Theories of photoelectron correlation in
laser-driven multiple atomic ionization, Rev. Mod. Phys., 84, 1011 (2012).

[33]

K. Henrichs, M. Waitz, F. Trinter, H. Kim, A. Menssen, H. Gassert, H. Sann, T.
Jahnke, J. Wu, M. Pitzer, M. Richter, M.S. Schoffler, M. Kunitski, R. Dorner,
Observation of electron energy discretization in strong field double ionization,
Phys. Rev. Lett., 111, 113003 (2013).

[34]

X. Sun, M. Li, D. Ye, G. Xin, L. Fu, X. Xie, Y. Deng, C. Wu, J. Liu, Q. Gong, Y.
Liu, Mechanisms of strong-field double ionization of Xe, Phys. Rev. Lett., 113,
103001 (2014).

[35]

M. Pitzer, M. Kunitski, A. S. Johnson, T. Jahnke, H. Sann, F. Sturm, L. Ph. H.
Schmidt, H. Schmidt-Bocking, R. Dorner, J. Stohner, J. Kiedrowski, M. Reggelin,
S. Marquardt, A. SchieBer, R. Berger, M. S. Schoffler, Direct Determination of
Absolute Molecular Stereochemistry in Gas Phase by Coulomb Explosion Imaging,
Science, 341, 1096 (2013).

[36]

M. Kunitski, S. Zeller, J. Voigtsberger, A. Kalinin, L. Ph. H. Schmidt, M. Schoffler,
A. Czasch, W. Schollkopf, R. E. Grisenti, T. Jahnke, D. Blume and R. Dorner,
Observation of the Efimov state of the helium trimer, Science, 348, 551 (2015).

[37]

M. Protopapas, C. H. Keitel, and P. L. Knight, Rep. Prog. Phys. 60, 389 (1997).

[38]

P. Lambropoulos, P. Maragakis, and J. Zhang, Phys. Rep. 305, 203 (1998).

[39]

N. B. Delone and V. P. Krainov, Tunneling and barrier-suppression ionization of
atoms and ions in a laser radiation field, Phys. Usp. 41, 469 (1998).

[40]

A. Scrinzi, M. Y. Ivanov, R. Kienberger, D. M. Villeneuve, Attosecond physics, J.
Phys. B 39, R1 (2006).

[41]

R. Dorner, V. Mergel, O. Jagutzki, L. Spielberger, J. Ullrich, R. Moshammer, H.
Schmidt-Bocking, Phys. Rep. 330, 95 (2000).

[42]

J. Ullrich, R. Moshammer, A. Dorn, R. Dorner, L. P. H. Schmidt, and H. SchmidtBocking, Recoil-ion and electron momentum spectroscopy: reaction-microscopes,
Rep. Prog. Phys. 66, 1463 (2003).

69
[43]

D. Fischer et al. Phys. Rev. Lett. 109, 113202 (2012).

[44]

R.Hubele, M.Schuricke, J.Goullon, H.Lindenblatt, N.Ferreira, A. Laforge, E.
Bruhl, V. L. B. de Jesus, D. Globig, A. Kelkar, D. Misra, K. Schneider, M. Schulz,
M. Sell, Z. Song, X. Wang, S. Zhang, and D. Fischer, Rev. Sci. Instrum. 86, 033105
(2015).

[45]

Hansch, T. W., and Schwalow, A. L., (1975). Opt commun. 13, 68.

[46]

Wineland, D. J., and Dehmelt, H., (1975). Bull. Am. Phys. Soc. 20. 637.

[47]

William D. Phillips Rev. Mod. Phys. 70.

[48]

Fischer D 2019 in M. Schulz, ed., ‘Ion-Atom Collisions’ De Gruyter Berlin, Boston
chapter 6, pp. 103-156.

[49]

M. Gehm, Ph.D thesis, Duke University, 2003.

[50]

G. Zhu, M. Schuricke, J. Steinmann, J. Albrecht, J. Ullrich, I. Ben-Itzhak, T. J. M.
Zouros, J. Colgan, M. S. Pindzola, and A. Dorn, Phys. Rev. Lett. 103, 103008
(2009).

[51]

A. Leredde,X. Flechard, A. Cassimi,D. Hennecart, and B. Pons, Phys. Rev. Lett.
111, 133201 (2013).

[52]

R. Hubele, A. LaForge, M. Schulz, J. Goullon, X. Wang, B. Najjari, N. Ferreira,
M. Grieser, V. L. B. de Jesus, R. Moshammer, K. Schneider, A. B. Voitkiv, and D.
Fischer, Phys. Rev. Lett. 110, 133201 (2013).

[53]

Sharma S, Acharya B P, De Silva A. H. N. C., Parris N W, Ramsey B J, Romans K
L, Dorn A, de JesusV L B & Fischer D 2018 Phys. Rev. A97, 043427.

[54]

K. R. Overstreet, P. Zabawa, J. Tallant, A. Schwettmann, and J. P. Shaffer, Opt.
Express 13, 9672 (2005).

[55]

A. Ridinger, S. Chaudhuri, T. Salez, U. Eismann, D. R. Fernandes, K. Magalhaes,
D. Wilkowski, C. Salomon, and F. Chevy, Eur. Phys. J. D65, 223 (2011).

[56]

J. Ullrich, R. Moshammer, A. Dorn, R. Dorner, L. P. H.Schmidt, and H. Schmidt
Bocking, Rep. Prog. Phys.66,1463(2003).

[57]

R. Dorner, V. Mergel, O. Jagutzki, L. Spielberger, J. Ullrich, R. Moshammer, and
H. Schmidt-Bocking, Phys. Rep. 330, 95 (2000).

[58]

Doerner et al., 2000.

70
[59]

Zewail, Ahmed H. (2000). "Femtochemistry: Atomic-Scale Dynamics of the
Chemical Bond Using Ultrafast Lasers (Nobel Lecture)". Angewandte Chemie
International Edition. 39 (15): 2586-2631. doi:10.1002/1521-3773(20000804).

[60]

P. M. Paul et al., “Observation of a train of attosecond pulses from high harmonic
generation”, Science 292, 1689 (2001), doi:10.1126/science.1059413.

[61]

T. Brabec et al., “Kerr lens mode locking”, Opt. Lett. 17 (18), 1292 (1992),
doi:10.1364/OL.17.001292.

[62]

Philosophical Transactions of the Royal Society of London. 105: 125-159.

[63]

https://dvd.ilphotonics.com/Venteon - fs Ti-sapphire lasers/Lasers/OPCPA.pdf

[64]

Basics of Laser Physics, Karl F. Renk.

[65]

Guo, C. (2018). A High Repetition Rate Attosecond Light Source Based on Optical
Parametric Amplification. Atomic Physics, Department of Physics, Lund
University.

[66]

M. Takeda, H. Ina, and, S. Kobayashi, “Fourier-transform method of fringe-pattern
analysis for computer-based topography and interferometry”, J. opt. Soc. Amer. 72,
156, 1982.
Steinmann PhD thesis, (2007).

[67]
[68]

L. V. Keldysh, Ionization in the field of a strong electromagnetic wave
(Multiphonon absorption processes and ionization probability for atoms and solids
in strong electromagnetic field), 47, 1945-1957 (1964).

[69]

Keldysh L V 1965 Soviet Phys. JETP 2354.

[70]

Opt. Lett 2013 Jul 1;38(13): 2286-8. doi: 10.1364/OL.38.002286.

[71]

Plotzke et al., Phys Rev Lett 77, 2642 (1996).

[72]

T. Jahnke, et al., Phys. Rev. Lett. 88, 073002 (2002).

[73]

J. Berakdar and H. Klar, Phys. Rev. Lett. 69, 1175 (1992).

[74]

V. Mergel, M. Achler, R. Dorner, K. Khayyat, T. Kambara, Y. Awaya, V. Zoran,
B. Nystrom, L. Spielberger, J. H. McGuire, J. Feagin, J. Berakdar, Y. Azuma, and
H. Schmidt-Bocking, Phys. Rev. Lett. 80, 5301 (1998).

[75]

J. M. Feagin, Phys. Rev. Lett. 88, 043001 (2002).

71
[76]

J. Hofbrucker, A. V. Volotka, and S. Fritzsche, Phys. Rev. Lett. 121, 053401
(2018).

[77]

C. E. Loving and P. G. H. Sandars, Journal of Physics B: Atomic and Molecular
Physics 8, L336 (1975).

[78]

P. Bucksbaum et al. Physical Review Letters 46, 640 (1981).

[79]

G. A. Garcia, L. Nahon, S. Daly, and I. Powis, Nature Communications 4, 2132
(2013).

[80]

L. Nahon, G. A. Garcia, and I. Powis, Journal of Electron Spectroscopy and
Related Phenomena 204, 322 (2015), gas phase spectroscopic and dynamical
studies at Free-Electron Lasers and other short wavelength sources.

[81]

R. E. Goetz, C. P. Koch, and L. Greenman, Phys. Rev. Lett. 122, 013204 (2019).

[82]

C. Lux, M. Wollenhaupt, T. Bolze, Q. Liang, J. Kohler, C. Sarpe, and T. Baumert,
Angewandte Chemie International Edition 51, 5001 (2012).

[83]

C. Lux, A. Senftleben, C. Sarpe, M. Wollenhaupt, and, T. Baumert, Journal of
Physics B: Atomic, Molecular and Optical Physics 49, 02LT01 (2015).

[84]

S. Beaulieu, A. Comby, D. Descamps, B. Fabre, G. A. Garcia, R. Gneaux, A. G.
Harvey, F. Lgar, Z. Man, L. Nahon, A. F. Ordonez, S. Petit, B. Pons, Y. Mairesse,
O. Smirnova, and V. Blanchet, Nature Physics 14, 484 (2018).

[85]

A. Jorissen and C. Cerf, Origins of life and evolution of the biosphere 32, 129
(2002).

[86]

L. Nahon, G. Garcia, I. Powis, U. Meierhenrich, and A. Brack, in Instruments,
Methods, and Missions for Astrobiology X, Vol. 6694, edited by R. B. Hoover, G.
V.Levin, A. Y. Rozanov, and P. C. W. Davies, International Society for Optics and
Photonics (SPIE, 2007) pp.19-34.

[87]

T. Mazza et al., Nature Communications 5, 3648 (2014).

[88]

J. M. Choi, J. M. Kim, Q.-H. Park, and D. Cho, Phys. Rev. A 75, 013815 (2007).

[89]

T. Herath, L. Yan, S. K. Lee, and W. Li, Physical Review Letters 109,
043004(2012).

[90]
[91]

S. Eckart, et al., Nature Physics 14, 701 (2018).
M. Ilchen et al. Physical Review Letters 118, 013002 (2017).

72
[92]

A. N. Grum-Grzhimailo, N. Douguet, M. Meyer, and K. Bartschat, Physical
Review A 100 (2019), 10.1103/physreva.100.033404.

[93]

H. A. Bethe and E. E. Salpeter, Quantum mechanics of one and two electron atoms
(Plenum, New York, 1977).

[94]

A. K. Kazansky, A. V. Grigorieva, and N. M. Kabachnik, Physical Review Letters
107 (2011), 10.1103/phys rev lett. 107.253002.

[95]

I. Barth and
O.
Smirnova,
10.1103/physreva.84.063415.

[96]

A. Hartung, F. Morales, M. Kunitski, K. Henrichs, A. Laucke, M. Richter, T.
Jahnke, A. Kalinin, M. Schfer, L. P. H. Schmidt, M. Ivanov, O. Smirnova, and R.
Drner, Nature Photonics 10, 526 (2016).

[97]

M.-M. Liu, Y. Shao, M. Han, P. Ge, Y. Deng, C. Wu, Q. Gong, and Y. Liu, Physical
Review Letters 120 (2018), 10.1103/physrevlett.120.043201.

[98]

J. H. Bauer, F. Mota-Furtado, P. F. O'Mahony, B. Piraux, and K. Warda, Physical
Review A 90 (2014), 10.1103/physreva.90.063402.

[99]

S. H. Autler and C. H. Townes, Physical Review 100, 703 (1955).

[100] Z.
Sun and
N.
Lou,
10.1103/physrevlett.91.023002.

Physical

Physical

Review

Review

A

Letters

84

91

(2011),

(2003),

[101] M. Wollenhaupt, A. Prkelt, C. Sarpe-Tudoran, D. Liese, and T. Baumert, Journal
of Optics B: Quantum and Semiclassical Optics 7, S270 (2005).
[102]

C. N. Cohen-Tannoudji, The Autler-Townes effect revisited," in Amazing Light: A
Volume Dedicated To Charles Hard Townes On His 80th Birthday, edited by R. Y.
Chiao (Springer New York, New York, NY, 1996) pp. 109-123.

[103] B. J. Albright, K. Bartschat, and P. R. Flicek, J. Phys. B 26, 337 (1993).
[104] K. Bartschat, Core Potentials for Quasi One-Electron Systems, in Computational
Atomic Physics: Electron and Positron Collisions with Atoms and Ions, edited by
K. Bartschat (Springer Berlin Heidelberg, 1996) pp. 15- 26.
[105] M. Schuricke et al., Phys. Rev. A 83, 023413 (2011).
[106] A. Kramida, Yu. Ralchenko, J. Reader, and NIST ASD Team, NIST Atomic
Spectra Database (ver. 5.7.1), [Online]. Available: http://physics.nist.gov/asd
[2020, May 10]. National Institute of Standards and Technology, Gaithersburg,
MD. (2020).

73
[107] A. N. Grum-Grzhimailo, A. D. Kondorskiy, and K. Bartschat, J. Phys. B 39, 4659
(2006).
[108] A. N. Grum-Grzhimailo, B. Abeln, K. Bartschat, D. Ween, and T. Urness, Phys.
Rev. A 81, 043408 (2010).
[109] N. Douguet, A. N. Grum-Grzhimailo, E. V. Gryzlova, E. I. Staroselskaya, J.
Venzke, and K. Bartschat, Phys. Rev. A 93, 033402 (2016).
[110] M.-M. Liu, Y. Shao, M. Han, P. Ge, Y. Deng, C. Wu, Q. Gong, and Y. Liu, Phys.
Rev. Lett. 120, 043201 (2018).
[111] A. Hartung et al., Nature Photonics 10, 526 (2016).

74
VITA

Aruma Handi Nishshanka Chandrajith De Silva was born in Galle, Sri Lanka. He
did his primary and high school education in Richmond College Galle, Sri Lanka. He
earned a Bachelor of Science degree in Physics and Chemistry from University of
Peradeniya Sri Lanka in March 1999. In May 2003, he completed his post Graduate
Diploma in Material Physics from University of Peradeniya. In May 2013, he completed
his Master of Science in Physics at the Pittsburg State University, Pittsburg, KS. Nish
received his Doctor of Philosophy in Physics from Missouri University of Science and
Technology in August 2020 under the guidance of Dr. Daniel Fischer.

